Abstract: This study presents a practical approach for determining the best location and the minimum amount of the load to be shed for the event-driven-based load shedding schemes. In order to find the above key parameters, a non-linear optimisation problem needs to be solved. A multistage method is proposed to solve this non-linear problem. The main idea of this method is to solve the optimisation problem stage by stage and to limit the load shedding to a small amount at each stage. Using this approach, the non-linear optimisation problem will be converted into a series of linear optimisation problems. By solving these linear optimisation problems stage by stage, the optimal solution to the original non-linear problem is obtained. Furthermore, in order to quickly identify the candidate load shedding locations in the multistage method, a novel multiport network model is proposed. Based on the multiport network model, fast ranking of the load locations and of the generators' participation factors can be done with little calculation efforts. Details of the problem formulation and the solution strategy are presented here. The proposed strategy is illustrated and verified by using the IEEE 14-bus system, IEEE 118-bus system and a real 2038-bus power system.
Introduction
With the increasing demand for electrical power and due to economic and environmental constraints, power systems are currently being operated closer to their limits than they were previously. This has led to an ever-increasing risk of voltage instability, which is the most important limiting factor for power transmissions. Among different countermeasures for the prevention of the voltage instability, load shedding is the last line of defence when there is no other alternative to stop an approaching voltage collapse [1] .
The growing concern on voltage instability incidents has attracted a great deal of attentions. Significant progress has been made in the research on the implementation of the load shedding schemes over the past few decades [2 -8] .
Undervoltage load shedding scheme is normally the primary choice for most of the utilities due to its simplicity [9 -14] . However, it has been proven that the bus voltage level alone is not a good indicator to assess the security of the operating conditions, especially when the shunt compensation and/or some other voltage control devices are heavily used in the modern power systems [10] . Moreover, the load shedding amount is difficult to be minimised only based on the voltage levels at some particular buses.
In order to optimise the load shedding schemes, several methods which are aimed at minimising the load shedding amount have been proposed in recent years [9 -11] . The sensitivities of the load-ability margin and the sensitivities of voltage with respect to the load parameters are often used to determine the optimum load locations. By using the sensitivities information, an optimisation problem is usually formed and the minimum load shedding amount is determined by solving it. However, since these sensitivities vary significantly when the operating condition changes, the load shedding amount which is computed based on the sensitivities obtained before the load shedding is applied might not be optimal. At the same time, associated with the load shedding, the system also needs to shed the same amount of generation to maintain the power balance. However, the problem of how to distribute the amount of generation shedding has rarely been discussed in the literature. Although the modal analysis method [8] is normally used to calculate the generators' participation factors, it is difficult to directly use these participation factors to shed the generations.
In this paper, the variation in these sensitivities with respect to the load shedding amount is first investigated. This investigation reveals that a non-linear optimisation problem needs to be solved in order to obtain the best locations and the minimum amount for the load shedding. Several difficulties are involved in solving this non-linear optimisation problem. In order to overcome these difficulties, a multistage method is proposed. The main idea of the proposed method is to solve the optimisation problem stage by stage, and limit the load shedding to a small amount at each stage. Using this approach, the nonlinear optimisation problem will be converted into a series of linear optimisation problems. By solving them stage by stage, the optimal solution to the original non-linear problem can be obtained. A new multiport network model is also proposed in this paper in order to be used for quick identification of the most effective locations for load shedding. Using this model, not only can the loads be ranked with little calculation efforts, but also the required generation shedding can be easily distributed among the generators.
The rest of the paper is organised as follows. Section 2 investigates the sensitivities of load-ability margin with respect to load parameters under different load shedding amount. Based on the findings in Section 2, a multistage method is proposed in Section 3. In Section 4, the multiport network model is introduced to rank the loads and generators. In Section 5, the proposed method is applied on several power systems and its performance is verified. Finally, Section 6 consists of the conclusion.
2 Sensitivites of load-ability margin with respect to load shedding amount
The load-ability sensitivity with respect to load parameters can be defined by (1), which is modified from the sensitivity formula in [12] .
where DS i is the load shedding amount at load bus i, Dl is the load-ability margin increment after the load shedding and n is the total number of loads. In order to achieve the required load-ability margin increment Dl req , the minimum load shedding amount is determined by shedding loads from the most sensitive loads until the achieved margin increase Dl * exceeds Dl req . The margin increment Dl * is calculated by (2) [9] .
where
is the shedding fraction of the selected load, S i and DS i are the load demand and the shedding amount at bus i, respectively. As indicated in [9] , the minimum amount of load shedding obtained from (2) relies on the following two assumptions:
1. Linearity of (2): the load-ability margin increments from any single load shedding can be added up.
2. Constant sensitivities: the load-ability sensitivities remain constant no matter how much load is shed at the selected locations.
To investigate the validity and accuracy of the above two assumptions, the load-ability sensitivities are studied by using the IEEE 14-bus system. Equations (1) and (2) are used in this study.
The investigation results on the linearity of (2) are shown in Fig. 1 . In this figure, Dl * is calculated by using (2) and Dl act is obtained using the continuation power flow method in the commercial software PSS/E. Fig. 1 clearly reveals that the validity of the linearity assumption is doubtful.
To study the second concern, the load-ability sensitivities of the six loads in the IEEE 14-bus system are studied. For this purpose, two different operation conditions -with and without considering the non-linear effects -are studied. The non-linear effects are the reactive power limit, actions of the switched shunts and the movements of the tap changers.
The margin increment results with different load shedding amount are shown in Fig. 2 . According to Fig. 2a , when the non-linear effects are not considered, the relationship between the margin increments and the load shedding amount is almost linear. In other words, without considering the nonlinear effects in the system, the sensitivities remain relatively constant. On the other hand, when the non-linear effects are considered, these sensitivities vary significantly, as shown in Fig. 2b . This figure also indicates that shedding more loads does not necessarily lead to a higher margin increment.
According to what was explained above, none of the assumptions considered in (2) can be confirmed in power systems. Therefore the solution obtained by (2) may not be even close to the optimal load shedding results. Many strategies have been proposed to solve this problem in recent years. In this paper, a practical strategy called the multistage method is proposed. 
Proposed multistage method
The above analysis indicates that a non-linear optimisation problem, as described by (3), needs to be solved to obtain the best load shedding location and the minimum load shedding amount.
power flowf(z, s) = 0 power system components limits limits proposed by the load shedding providers (3) where S shed is the total load shedding amount, m is the number of available load shedding providers, z is the system state vector and s is the vector of active and reactive powers consumed by the loads.
As seen in (3), several power system operation constraints including power flow equations, power system components limits and the limits of load shedding providers are considered in the optimisation problem. More factors, such as generators' cost functions and load characteristics, can also be considered as long as they are properly represented in (3). However, the principle of solving this non-linear optimisation problem remains the same. In this paper, we mainly focus on introducing the principles of the multistage method using the constraints described in (3) .
The analysis in Section 2 reveals that the relationship between the margin increment and the load shedding amounts is an unknown non-linear function, which is represented as the function f. Therefore there is a big challenge in solving this non-linear optimisation problem.
To overcome this difficulty, a practical multistage method is proposed. It is called multistage because it is going to solve (3) stage by stage. For each stage, two circumstances are considered:
1. The load shedding is applied at only one location. 2. The load shedding amount is limited to a small value (say 10%) so that the sensitivities can be considered constant.
Considering the above conditions, (3) can be converted to a series of linear optimisation problems by using the piecewise linear method. At each stage, the linear optimisation problem can be described by (4) . By solving these linear optimisation problems one by one, the load-ability margin is improved stage by stage. Until the last stage, the desired load-ability margin is obtained. The solution to the original problem is the combination of the solutions to all these linear optimisation problems.
Since (4) is a linear optimisation problem, it is quite easy to solve it. It suffices to calculate the sensitivities and select the load with the highest sensitivity. According to what was explained above, the procedure of the proposed multistage method will be as depicted in Fig. 3 . As seen in this figure, the sensitivities are calculated at each stage and the load with the highest sensitivity is selected as the most effective location. The load shedding is then applied at the selected location. After this load shedding, a new operation case is constructed and the next stage starts. This process will be repeated until the required margin is obtained. The final load shedding rule is the combination of the results from all stages. It is worthwhile to mention that the term of 'multistage' is only to describe the design procedure, not to reflect the load shedding stages in implementation.
The load shedding sensitivities can be calculated by using any existing method such as the method proposed in [12] . The main problem in this kind of methods is that they are very time-consuming. This problem becomes more important in the proposed multistage method because the sensitivities need to be calculated at each stage, and a high number of stages might be necessary for a large system. Moreover, after a load shedding is applied at each stage, an active power shedding should be applied to the generators in order to construct a new base case. In other words, a proper generation shedding should be assigned for the selected load shedding at each stage.
In order to make the proposed multistage method more practical, a new algorithm is required which can not only find the most effective location for the load shedding in a fast manner, but also obtain a proper generation shedding associated with the selected load shedding. For this purpose, a new procedure based on a multiport network model is proposed in the next section.
Multiport network model
Associated with the multistage load shedding method proposed in the previous section, a new multiport network model is presented in this section to solve the following two problems with little calculation effort:
1. find the most effective location for the load shedding at each stage; The proposed multiport network model is to equivalent the power system by a model shown in Fig. 4 . All the generator and load buses are separated from the transmission network, which is converted to an equivalent impedance matrix Z.
The equation to describe the above multiport network model can be written as
I L = I L1 I L2 . . . I Ln T , K is an n × m matrix obtained from system admittance matrix, and Z is an n × n system impedance matrix.
For the jth load bus, we can obtain
where Z j is the Thevenin impedance of the network at bus j and E eq j is the Thevenin equivalent voltage seen at bus j. The Thevenin equivalent parameter E eq j represents the contributions from all the generators. As well, the Thevenin equivalent parameter Z j represents the impacts from all the other loads. Using these parameters, the power system can be converted into an equivalent circuit shown in Fig. 5 .
For each load bus, the impedance matching theory can be applied in order to find the weakest load bus. In other words, the load with the highest impedance ratio value is the weakest load [13] . The weakest load is obviously the most effective location for the load shedding.
The impedance ratio Z ratio, j is calculated by (9) , where Z Lj is the impedance of load j.
Furthermore, the generators' participations for the selected load shedding can also be calculated based on the contribution of each generator on this selected load. From (6), we obtain an expanded expression of the Thevenin equivalent voltage by (10) .
Equation (10) shows the composition of the Thevenin equivalent voltage. Based on (10), the contribution of each generator on the selected load j can be defined by (11) .
where C ji is the contribution of generator i on the load j and u ji is the angle difference between the Thevenin equivalent voltage E eqj and the generator voltage K ji E i . Thus, the participation of each generator on the selected load shedding amount DS j will be calculated by (11) . The generation shedding of each generator associated with this load shedding can then be obtained by (12) . Meanwhile, the capacity of the automatic frequency control of each generator has to be taken into account in order not to introduce any other problem, such as angular stability problem. For this purpose, the amount of generation shedding for each generator needs to be limited by its corresponding control capacity DG i,max . If the calculated generation shedding (DG ji ) is over DG i,max , the shedding is fixed at DG i,max . The leftover (DG ji 2 DG i,max ) will be distributed to the other generators based on the same ratio provided by (12) .
where DG ji is the active power shedding of generator i, DP j is the real part of the load shedding amount DS j and k is the total number of generation plants in the systems. In order to verify the performance of the proposed method, the method is applied to different power systems. IEEE 14-bus system: This case study is the stressed version of IEEE 14-bus system. The studied case has 1.85 times more load demand than the base case which can be found in [15] . After an N 2 2 contingency (the loss of the line between bus 2 and bus 4, and the line between bus 2 and bus 5), the system power flow diverges. Both the modal analysis method [8] and the proposed method are used to find the top five critical (weakest) load buses. The results are listed in Table 1 , which reveals that both the methods lead to bus 14 as the weakest bus in the system. As well, the generators' contributions C ji associated with the load shedding at load bus 14 are shown in Table 2 .
IEEE 118-bus system: The studied power system is the stressed IEEE 118-bus system. The studied case has two times more load demand than the base case which can also be found in [15] . After an N 2 1 contingency (the loss of the line between bus 74 and bus 75), the system margin shrinks to 4%. Table 3 shows the top five critical load buses for this case. According to this table, both the proposed method and modal analysis method result in the load 44 as the weakest load in the system. As well, the non-zero generators' contributions associated with the load shedding at the load bus 44 are shown in Table 4 .
Real 2038-bus power system: A real large system (the Alberta Interconnected Electric System) is considered as the last case study. It consists of 208 PV buses, 688 load buses and 2366 branches. The total load demand is 10222.4 MW and 3349.3 MVar. After an N 2 1 contingency or loss of the line between bus 74 and bus 814, the system loses its power flow solvability. The bus ranking results obtained from the modal analysis method and the proposed method are listed in Table 5 . It can be seen that both of the methods result in the same weakest load. Also, the top five contributed generators associated with the load shedding at load bus 4220 are shown in Table 6 .
The above case studies clearly verify the performance of the proposed method in terms of the identification of the most sensitive load. The results from modal analysis and those from the proposed method are perfectly consistent with each other.
Therefore the proposed multiport network model can be used in the procedure of the multistage method. For this purpose, the procedure which was previously shown in Fig. 3 can be modified to the one depicted in Fig. 6 . In the new procedure, multiport network model is used at each stage of the multistage method to find the most effective location for the load shedding and the associated generation shedding.
In the next section, the procedure described in Fig. 6 will be demonstrated by the IEEE 14-bus system, the IEEE 118-bus system and the real 2038-bus power system.
Illustration studies on the selected power systems
The proposed strategy is applied to several test power systems and the results are investigated in this section. Both the proposed method and the conventional method described by (2) are tested. The results are compared with each other. The detailed information of the conventional method can be found in [9] . The load shedding step size is considered as 10% of the selected load for both of the two methods. IEEE 14-bus system: This test power system is a stressed system from the IEEE 14-bus system. The studied case has 1.85 times more load demand than the base IEEE 14-bus system. The voltage stability margin of the studied case is 42%. After the selected N 2 2 contingency, that is, the two transmission lines outages (the branch between bus 2 and bus 4, and the branch between bus 2 and bus 5), the system loses its power flow solvability. The load shedding strategy is then applied to ensure that the load-ability margin is no less than the required 5% (WSCC standard [14] ).
Based on the results from Table 1 , load bus 14 will be chosen at the first stage and the load shedding amount is 10% for this stage. This procedure is then repeated until the required voltage stability margin is obtained. Table 7 shows the load shedding results obtained from the proposed strategy and those obtained by the conventional strategy.
As seen in this table, in order to restore the system, the proposed method shed 0.43 MW less active power and 2.28 MVar less reactive power.
IEEE 118-bus system: The test system is the stressed IEEE 118-bus system. The studied case has two times more load demand than the base IEEE 118-bus system. The stability margin of the studied case is 6%. After the N 2 1 contingency, that is, the loss of the line between bus 74 and bus 75, the system load-ability margin shrinks to 4%. The results for the load shedding rules are listed in Table 8 . In this case, the results of the proposed strategy are the same as the conventional method. The reason is that this contingency is not severe and very small amount of load shedding is enough to restore the system. As a result, as seen in Table 8 , the proposed strategy is completed in only one stage. In this situation, the performance of the proposed strategy might be improved by reducing the size of the load shedding amount at each stage.
Real 2038-bus power system: The real power system used in Section 4 is studied here. After the N 2 1 contingency, that is, loss of the line between bus 74 and bus 814, the system loses its power flow solvability. To save space, only the final results of the load shedding rules are listed in Table 9 , which shows that the proposed method shed 1.67 MW less active power and 1.05 MVar less reactive power. In order to further verify the advantage of the proposed multistage method, another N 2 1 contingency which is the loss of the line between bus 1164 and bus 1165 is studied. After this contingency, the system again loses its power flow solvability. The top five weakest load buses for this case are the buses 1169, 19 156, 19 185, 4590 and 19 371.
Both the conventional method and the proposed multistage method are studied to determine the optimal load shedding rules. The results are listed in Table 10 . As seen in this table, the proposed method shed 38.6% less active power and 54.1% less reactive power.
The above case study results clearly confirm the advantages of the proposed multistage method. According to the above results, the important features of the proposed strategy can be summarised as follows:
1. The proposed multiport network model accurately identifies the best load shedding locations with little calculation effort. This model also enables us to find a proper generation shedding associated with the selected load shedding. 2. In order to restore the power system from an emergency operating condition, the proposed multistage strategy provides the optimal solution. Compared to the conventional method, the proposed method needs less amount of load reduction.
Conclusions
Because of the non-linearity that exists in the relationship between the load-ability margin and the load shedding amount, a non-linear optimisation problem needs to be solved for optimising the load shedding rules, which includes the best load shedding locations, the minimum load shedding amount and the corresponding generation reduction. In order to solve this non-linear programming problem, a practical multistage method was proposed in this paper. By using the piecewise linear method, the multistage method converts the original non-linear problem into a series of linear programming problems and solves these linear problems one by one. At each stage, the load-ability margin is improved and the desired margin is obtained at the last stage. The solution to the original non-linear optimisation problems is the combination of the solutions to all these linear programming problems.
In order to reduce the calculation efforts on the location selection, a multiport network model was also proposed in this paper. Using the multiport network model, the most effective locations for the load shedding and proper generation dispatching information can be easily obtained. The results obtained from the multiport network model were verified using the well-known modal analysis method. Three test power systems including a real power system have been used to examine the effectiveness of the proposed algorithms. The results have verified the advantages of the proposed method. Compared to the traditional algorithm, the proposed multistage method needs less load reductions to restore the system from emergency conditions.
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